Introduction
The chemical industry relies heavily on energy-intensive separation technologies such as distillation. For example, ≈0.45 quads (IMMP) methodology for MOF membrane fabrication in PAI hollow fi bers with specifi c application to ZIF-8 membranes, and demonstrated control over membrane position and morphology. [ 13 ] The IMMP module acts as both a membrane fabrication apparatus as well as an in situ permeation measurement device. Importantly, ZIF-8 membrane fabrication did not require seeding procedures, nor pre-treatment with interface compatibility promoters or reactant sources such as ZnO or poly(ethyleneimine). Other recent works have also reported the fabrication and properties of MOF (including ZIF) membranes on polymeric tubes or hollow fi bers using either static or fl uidic techniques, highlighting their promising performance in a variety of gas separations. [ 14 ] However, the above initial demonstrations reveal that hollow-fi ber MOF membrane processing is still at an early stage, and requires detailed understanding and control of the mechanisms of MOF membrane growth under fl uidic conditions in the confi ned spaces of microscale hollow fi bers. In this work, we fi rst demonstrate detailed IMMP studies that lead to a mechanism of ZIF-8 membrane growth in hollow fi bers that elucidates the roles of reactant transport, fi lm crystallization, and the hollow fi ber support microstructure. Second, we demonstrate how the mechanistic understanding of ZIF-8 hollow fi ber membrane formation can be used to engineer a higher-throughput, higher-selectivity membrane for propylene/ propane separation. Finally, we also present detailed binary and ternary mixed gas (H 2 /C 3 H 8 , C 3 H 6 /C 3 H 8 , and H 2 /C 3 H 6 /C 3 H 8 ) permeation measurements to highlight the excellent separation characteristics of ZIF-8 hollow fi ber membranes.
Results and Discussion

IMMP Mechanism
Figure 1 a shows a schematic of IMMP for ZIF-8 membrane fabrication on the inner surface (bore side) of PAI (Torlon) hollow fi bers. Further details of the IMMP method are described in our recent works and in the Experimental Section below. [ 13, 15 ] The formation of a ZIF-8 membrane is achieved in an opposing-reactants geometry [ 16 ] by contacting the two reactant streams (Zn 2+ ions dissolved in 1-octanol on the bore side and 2-methylimidazole dissolved in water on the shell side) across the porous hollow fi ber support. In the present case, the two solvents are chosen to be immiscible, thereby allowing a sharp interface between the two phases. The two immiscible solvents (1-octanol and deionized water (DI) water) keep the reactants separated in different phases everywhere except at the interface, thereby allowing ZIF-8 nucleation only at the surface of the hollow fi ber (where the interface is deliberately created by use of appropriate initial conditions). The use of a large excess of 2-mIm (2-mIm/Zn concentration ratio = 75) allows Zn 2+ to act as a limiting reactant, thereby leading to ZIF-8 fi lm formation on the inner surface. The temporal fl ow profi le in the bore side is shown in Figure 1 b. It comprises four steps: 120 min of membrane formation under continuous fl ow of 62 µL h −1 Zn 2+ / octanol solution (Step 1), 210 min of membrane growth under static conditions (Step 2), 20 min of Zn 2+ /octanol solution replenishment at a continuous fl ow of 62 µL h -1 step (Step 3), and a fi nal 210 min of static growth (Step 4). Two different temperature profi les are also shown in Figure 1 b and will be discussed below. To investigate the membrane formation process, we repeated the IMMP process multiple times and arrested the membrane growth at three different selected points as indicated by the numbered temporal locations in Figure 1 b. The growth arrest was carried out by introducing neat 1-octanol through the bore side of the fi ber while exchanging the shell side solution with fresh MeOH. Binary propylene/propane permeation measurements were then conducted in situ at each arrest point, and fi nally each membrane was removed from the IMMP module and cross-sectioned for scanning electron microscopy (SEM) imaging and thickness measurements.
Initially, ZIF-8 membrane growth was carried out using a preheated IMMP module which was maintained at isothermal conditions of 31.0 ± 0.5 °C (Figure 1 b) throughout the process. Tables 1 and 2 show information about the membrane thickness and olefi n/paraffi n permeation characteristics at these points. At the outset, we established that all permeation measurements are reliably measuring the intrinsic properties of the ZIF-8 membranes with negligible effects of support and external mass transfer resistances (see the Supporting Information for details). At the end of 120 min of growth under continuous fl ow (arrest point #1), a dual-layer fi lm is observed on the inner surface of the hollow fi ber (Figure 2 a, and a more magnifi ed version in Figure S1 in the Supporting Information) with an overall thickness of ≈7 µm (Table 1 ) , of which ≈4.5 µm is a dense ZIF-8 layer and the remainder is a discontinuous layer composed of plate-like structures. This morphology can be understood as arising from the rapid penetration of 2-mIm (which is soluble in both water and octanol) into the octanol phase.
At the inner surface of the fi ber, 2-mIm is rapidly consumed by reaction with Zn 2+ to form a dense ZIF-8 layer. However, the formation of this initial dense layer then acts as a barrier that restricts the availability of 2-mIm species further into the octanol phase, thereby leading to the diffusion-limited formation of a second discontinuous fi lm morphology on top of the dense layer (as depicted schematically in Figure 3 a,b). Since this effect is diffi cult to observe directly inside the hollow fi ber, we performed a similar experiment by contacting the two phases in a transparent glass vial (Figure 3 e). One can clearly observe the formation of a dense fi lm at the water-octanol interface, and additionally a cloudy layer with sparse crystallization further into the octanol phase. Furthermore, the dense layer also has nanoscopic defects which lead to high permeances of both propylene and propane and a low propylene selectivity (≈3). The initial continuous growth step therefore does not yield a viable membrane and further processing is needed. After a subsequent 210 min static growth step (arrest point #2) during which there was no continuous replenishment of the limiting reactant Zn 2+ , a ≈10 µm ZIF-8 layer was observed (Table 1 ) . Clearly the overall fi lm growth rate in the static period is much lower than in the initial continuous fl ow step due to low availability of Zn 2+ as well as slow diffusion of 2-mIm through defects in the dense layer. Importantly, Figure 2 b reveals that the previous dual-layer morphology is replaced with essentially a single dense layer. During the static growth period, the discontinuous layer is gradually densifi ed by slow addition of crystallized material as depicted in Figure 3 c. Table 2 shows a sharp drop in propane permeance and increase in selectivity to ≈14 during this period, clearly indicating that nanoscopic defects are being fi lled in with ZIF-8 material and that the static growth step is crucial for defect control. Finally, the process is completed with a 20 min replenishment step followed by another static growth period (arrest point #3). Table 1 , and Table 2 show a single continuous layer (albeit with some visible defects), as well as further increases in fi lm thickness (≈12 µm) and selectivity (≈17) Table 1 . The average thickness of ZIF-8 membranes along the entire fi ber measured at each growth arrest point (#1: 2 h of continuous membrane growth step, #2: 3.5 h of static membrane growth, #3: 20 min of metal solution replenish step followed by fi nal 3.5 h of static growth).
Processing method
Arrest point #1 #2 #3 Dense Discontinuous Dense Discontinuous Dense Discontinuous
with a propylene permeance of ≈23 gas permeation units (GPU, 1 GPU = 3.348 × 10 −10 mol m −2 s −1 Pa −1 ).
IMMP Modifi cations
Based upon these mechanistic fi ndings, we hypothesized that increasing the rates of initial ZIF-8 crystal nucleation and formation of the initial dense barrier layer would signifi cantly reduce its thickness (or crystal grain size) during the initial continuous fl ow step, since a more rapidly formed barrier layer would effectively inhibit further reaction-limited dense fi lm growth. This would have the effect of a reduced overall membrane thickness and hence a higher permeance. To increase the rate of formation of the initial dense layer, we modifi ed the temperature profi le by heating the IMMP module from 22 to 40 °C (Figure 1 b) over the fi rst 30 min of synthesis, followed by a downward temperature ramp and stabilization at the same isothermal conditions as previously mentioned for the remainder of the membrane fabrication process. Figure 2 d-f and Tables 1 and 2 clearly support the validity of this hypothesis. A considerably thinner (≈2.5 µm) dense layer is formed initially, leading to a fi nal membrane thickness of ≈8 µm with a correspondingly higher propylene permeance (33 GPU) and no loss of selectivity over the isothermal case. Next, we considered the role of the support hollow fi bers in determining the defect density and selectivity of the membrane. It has been recently shown that the porosity and the microstructure of ceramic supports exert a signifi cant infl uence on the quality of ZIF-8 membranes. [ 17 ] The PAI hollow fi bers initially used in this work were identical to those fabricated and used by us in previous works. [ 13 ] These fi bers have OD 300 µm and inner diameter (ID) 200 µm. In addition, the inner surface roughness of these fi bers was measured with scanning probe microscopy. The root-mean-square (RMS) roughness was obtained as 63 ± 5 nm, which is much smaller than the membrane thickness and is not expected to lead to large heterogeneities in the fi lm thickness. We also characterized the porosity of the fi ber from the SEM images using the Khare and Burris method. [ 18 ] For this purpose ( Figure S2a ,b, Supporting Information), binary images were obtained from cross-sectional SEM images of the support via the image analysis program ImageJ. [ 19 ] The porosity ( ε ) and average pore size of the fi bers were estimated at 44% and 290 nm, respectively. The fi bers are also highly permeable, as characterized by their N 2 permeance of 54000 GPU and permeability of 2.7 × 10 6 Barrer (1 Barrer = 1 GPU µm) at 25 °C.
We hypothesized that fi bers with larger porosity and somewhat larger pore size would allow faster formation of a thin membrane layer and better anchoring of this layer to the fi ber surface. To this end, we modifi ed the PAI spinning conditions as follows. An N-methyl-2-pyrrolidone (NMP)/DI water mixture (with NMP being a solvent and DI water being a non-solvent) is used as a bore fl uid solution during the fi ber spinning. In order to obtain fi bers of higher porosity, we increased the solvent (NMP) content from 80 to 85 wt%. The resulting fi bers had an RMS roughness of 62 ± 6 nm which is similar to the previous fi bers. However, the porosity and average pore size of the new fi bers were considerably larger at 55% and 480 nm, respectively. (Figure S2c ,d, Supporting Information).
To investigate the effect of the support fi bers in conjunction with the modifi ed growth technique (developed earlier in this report), we then prepared ZIF-8 membranes in three different ways. Case 1 is identical to the previously reported ZIF-8 membrane using the previous PAI fi ber support and the original (isothermal) IMMP technique, [ 13 ] new PAI fi bers prepared using the modifi ed spinning technique but with the original IMMP method for membrane growth, and Case 3 uses both the new PAI fi bers and the modifi ed (nonisothermal) IMMP technique. Further details of the membrane growth procedures are in the Experimental Section. Figure 4 shows cross-sectional SEM images of the fi nal ZIF-8 membranes obtained in each case. Uniform ZIF-8 layers were observed for all cases. Detailed measurements of membrane thickness at different axial locations along the 5 cm length of the hollow fi ber for all cases are shown in Figure S3 (Supporting Information). Notably, the membrane thickness in Case 3 (5 ± 1 µm) is much lower than in Case 1 and Case 2 (10 ± 2 and 9 ± 2 µm, respectively) indicating that the nonisothermal IMMP remains effective in reducing the membrane thickness on the new PAI support as well. To compare the performance of these membranes, equimolar C 3 H 6 /C 3 H 8 mixed-gas permeation data were collected using a steady-state Wicke-Kallenbach technique at 25 °C with the IMMP reactor directly acting as a permeation module ( Table 3 ). Case 3 membranes show much higher C 3 H 6 permeance than Cases 1 and 2, due to the much lower thickness. Additionally, Case 3 membranes also show much higher C 3 H 6 /C 3 H 8 selectivity due to a signifi cant drop in the C 3 H 8 permeance. This clearly indicates the mitigation of membrane defects due to better anchoring of the ZIF-8 layer on the more porous fi ber support. The microstructural changes were investigated in more detail with helium permporosimetry. [ 20 ] The helium fl ux was measured under dry conditions and then after wetting, with Fluorinert (FC-40) liquid that has a low surface tension. Helium permeance is measured as a function of pressure in the feed gas. Under wetted conditions, membranes that have mesopore defects such as pinholes or cracks would show a sudden increment in helium permeance at a pressure that is suffi cient to displace the wetting liquid from the mesopore defects. The defect size can then be estimated by the Cantor equation. [ 21 ] However, such phenomena are not observed in the pressure range 0-90 psi in all the Case 1-3 ZIF-8 membranes ( Figure 5 ), clearly showing that continuous membrane layers are formed over the entire fi ber with no large defects (>20 nm in size, corresponding to the maximum pressure of 90 psi used in the measurements). However, the dry helium permeabilities ( Figure 5 ) also allow the qualitative characterization of nanoscopic (<20 nm) defects. The ideal range of helium permeability from a defect-free ZIF-8 membrane is represented by the shaded area in Figure 5 , which is obtained using the range of corrected diffusivity and adsorption isotherm parameters for helium in ZIF-8 as given by Zhang et al. [ 22 ] Case 1 ZIF-8 membranes display signifi cantly higher dry helium permeability outside the ideal region, clearly indicating the presence of nanoscopic defects. However, the dry helium permeability progressively declines and reaches the ideal region in Case 2 and Case 3 membranes, clearly indicating that simultaneous reductions in both membrane thickness and defect density have successfully occurred. Case 3 has the lowest dry helium permeability, corresponding to the most defect-free membranes which also have the best separation performance as shown in Table 3 . 
Separation Properties
Finally, we characterized the binary and ternary mixture separation properties of Case 3 ZIF-8 membranes in more detail as a function of temperature (25-120 °C). This performance is much improved from the previously reported ZIF-8 hollow fi ber membranes made by IMMP (370 ± 60 at 120 °C and 12 ± 3 at 25 °C respectively) [ 13 ] and is also comparable to the characteristics of ZIF-8 membranes reported in the literature using multistep/seeded growth techniques on disk-type or tubular ceramic supports (Table S3 , Supporting Information). The data also show the strong temperature dependence of the C 3 H 6 permeance and the resulting moderate decrease in separation factor as temperature increases. However, the ZIF-8 membranes still achieve a C 3 H 6 /C 3 H 8 separation factor of 31 ± 1 even at 120 °C. Figure 6 b shows the equimolar ternary (H 2 /C 3 H 6 /C 3 H 8 ) mixture separation properties. This feed mixture simulates the composition of the exit stream from nearequilibrium propane dehydrogenation reactors that are used for propylene production. The present ZIF-8 membranes continue to effectively separate C 3 H 6 from C 3 H 8 in the presence of H 2 with separation factor of 53 ± 3 at 25 °C. It is also noted that these membranes can be utilized to separate H 2 from C 3 H 6 (H 2 /C 3 H 6 separation factor of 99 ± 3 at 120 °C, which is industrially attractive. [ 23 ] The performance of ZIF-8 membranes at higher feed pressures is also an important issue that has only recently been examined in the literature. Initial reports suggest that ceramic-supported ZIF-8 membranes may exhibit drastic decreases in C 3 H 6 /C 3 H 8 selectivity at feed pressures of 4 bar, an effect that was attributed to the opening of nanoscopic defects at higher pressures. [ 24 ] While not the main focus of the present work, we mention here that high-performance ZIF-8 membranes fabricated via nonisothermal IMMP using modifi ed fi ber supports (Case 3) have also been examined for binary C 3 H 6 /C 3 H 8 separation performance at feed pressures up to 6 bar at 25 °C. The selectivity remains high and shows only minor (13%-15%) reduction at 6 bar. The C 3 H 6 permeance shows a reduction of about 25%, which is expected in molecular sieve materials due to pore saturation effects. However, it is important to note that the actual C 3 H 6 fl ux (throughput) at 6 bar is 3.75-4 times higher than at 1 bar, due to the much greater pressure driving force. These initial data suggest that ZIF-8 membranes fabricated by IMMP in PAI hollow fi bers have greater resistance to opening of defects caused by mechanical stress at higher pressures. Our fi ndings regarding higherpressure operation of ZIF-8 membranes will be discussed in detail in a forthcoming report. www.afm-journal.de www.MaterialsViews.com
Conclusion
The mechanistic fi ndings and resulting signifi cant improvements in membrane performance allow one to envisage a twostage separation of ternary H 2 /C 3 H 6 /C 3 H 8 mixtures, i.e., a fi rst ZIF-8 membrane stage of small total area that takes advantage of the very high H 2 permeance to separate it from C 3 H 6 and C 3 H 8 , followed by a second ZIF-8 membrane stage of larger area that separates C 3 H 6 from C 3 H 8 . This is made possible by two new developments, fi rst the modifi cation of the IMMP technique to include an initial nonisothermal growth step and second the engineering of a new hollow fi ber PAI support with enhanced surface properties. Additionally, the low cost and benign IMMP route, free of other intermediate or post-synthesis steps, creates a real possibility for scalable fabrication of high-performance ZIF-8 membranes.
Experimental Section
Materials : 2-Methylimidazole (99%, 2-MeIM) and Zn(NO 3 ) 2 ·6H 2 O (99%) were obtained from Sigma-Aldrich. 1-Octanol was obtained from Acros Organics and methanol (99%, MeOH) was obtained from Alfa Aesar. DI water was produced with a Thermo Scientifi c 7128. Translucent epoxy (DP 100) and Fluorinert (FC-40) were obtained from 3M. Corning Sylgard 184 was purchased from Ellsworth Adhesives. Torlon 4000T-HV, a commercially available PAI (Solvay Advanced Polymers, Alpharetta, GA), was used as the major polymer in this study. Reagent grade with 99% purity NMP, ethanol (EtOH), and lithium nitrate were obtained from Sigma-Aldrich to form the fi ber spinning dope. Methanol (ACS grade, VWR) and hexane (ACS Reagent, >98.5%, VWR) were used for solvent exchange after fi ber sorbent spinning.
Reactor Modules : Detailed descriptions and photographs were presented in our previous work. [ 13 ] The reactor module is made of SS 304 block and the dimension is a 3 in. in width, 3 in. in depth, and 1.5 in. in height, giving a reactor volume of 70 mL. Top: 2 in. diameter cylinder with 1.38 in. depth was drilled into the center of the top face; Side A: a hole with the specifi cations for 1/8 in. NPT fi ttings was drilled into the center of each face. Side B: a hole with the specifi cations for 1/8 in. NPT fi ttings was drilled but not completely bored through. 0.1 in. thick wall remained, in which a smaller 0.02 in. hole was bored through to create an aperture for fi ber mounting. Lid: a 3 in. × 3 in. × 1/4 in. SS 304 block was used as a lid.
Mounting/Sealing of Bare Fibers : A 4 in. length of Torlon fi ber substrate was inserted horizontally through the holes of Side B. A small drop of 3M translucent epoxy was then applied to the shell of each fi ber end where the fi ber contacts the reactor interior. After allowing the epoxy to cure at least 90 min, the excess fi ber ends were removed with tweezers. The permeances of the mounted fi bers were then collected to ensure that the fi ber was properly sealed by the epoxy and that the bore had not been crushed/blocked.
ZIF-8 Membrane Synthesis: Cases 1 and 2 : 10 mL of neat 1-octanol was fi rst introduced through the bore side of the fi ber using syringe pump and the pump rate was set to 2 mL/min -1 . 9 g of 2-MeIM and 0.22 g of zinc nitrate hexahydrate were each dissolved in 80 mL DI water and 40 mL 1-octanol. 3 mL of Zn(NO 3 ) 2 ·6H 2 O/1-octanol solution was introduced through the bore side of the fi ber using syringe pump with the fl ow rate of 0.6 mL h -1 . Temperature of reactor module was set to and maintained at 30 °C. Then 2-MeIM/DI water solution was slowly poured into the reactor while stirring the solution at 60 rpm. Syringe pump was stopped for 210 min after 120 min of continuous membrane growth step. Syringe pump was turned on again for 20 min followed by another 210 min of static growth step. Pump fl ow rate was changed to 2 mL min -1 and 10 mL of neat 1-octanol was introduced through the bore side of the fi ber, while the 2-MeIM/DI water solution was replaced with fresh DI water three times to quench the reaction and remove excessive ZIF precursors. 10 mL of heptane solution was fl owed through the bore side of the fi ber, while shell solution was replaced with heptane to remove the 1-octanol. Next, a similar procedure was performed with more volatile hexane solution. Finally, 20 mL of MeOH was introduced into the bore side of the fi ber and the shell solution was replaced with MeOH. The membrane was dried at room temperature for 2 d. Case 3 : Membranes were prepared with the same synthesis procedure of Cases 1 and 2 membranes except for the temperature profi le. The continuous membrane growth step was begun at 22 °C and with a linear increase in temperature to 42 °C over 25 min followed by a decrease to 30 °C over 60 min and steady holding at the latter temperature for the remainder of the synthesis. End Sealing of Fiber Membranes : A 9 wt% polydimethylsiloxane (PDMS, Sylgard 184)/heptane solution was heated at 90 °C under vigorous stirring for 4 h to thermally crosslink the PDMS. [ 25 ] After cooling to 25 °C, a 2 µL PDMS droplet was applied to the end of the mounted module using capillary action. Argon gas was immediately fl owed through the fi ber bore upon the addition of the PDMS/heptane solution followed by curing at 120 °C for 2 h.
Characterization : XRD patterns were measured on a PANalytical X'Pert Pro diffractometer at room temperature using Cu Kα radiation of λ = 0.154 nm and a scanning range of 5°-40° 2 θ . Cross-sectional images of ZIF-8 inner surface membrane were examined using Hitachi SU 8010 scanning electron microscope after a thin layer of gold was sputtered onto the cross-sectional surface. The samples were soaked with a hexane solution for 30 min followed by dipping into liquid nitrogen for a clean cut. For scanning probe microscopy (SPM) of the hollow fi ber support surfaces, the fi bers were immersed in hexane followed by immersion of the saturated fi bers in liquid nitrogen. The fi bers were then gently broken into several pieces, which were then transferred to a silicon wafer for the SPM surface roughness measurements. The RMS surface roughness was obtained by averaging data from several 2 µm × 2 µm area images. Permeance data were collected by the steady-state Wicke-Kallenbach technique. [ 26 ] A precisely determined fl ow rate (10 mL min -1 ) of feed (singlecomponent or binary/tertiary mixture) was continuously injected to the bore side at 1 atm via a mass fl ow controller (MFC). The injected gases were contacted in a mixer before entering the feed side of the reactor/permeation module. Argon was used as the sweep gas at the permeate side and the fl ow rate was set to 30 mL min -1 . A similar apparatus was used for measurements at higher feed pressures (up to 6 bar), except that MFCs rated for high-pressure operation were used. The composition of the permeate stream was analyzed by on-line gas chromatography (Shimadzu GC-2014). Membrane defect characterization was performed with permporosimetry equipment with the IMMP reactor directly acting as a module. First, helium was introduced into one end of the bore side of the membrane while plugging the other end with a Swagelok fi tting. The differential pressure between the bore and the shell side was thus controlled from 0-90 psi and the shell-side helium fl ow rate was measured using a digital fl ow meter. Then, the bore side of the membrane was saturated with Fluorinert (FC-40) solution that has a low surface tension. Then the helium fl ow rate was measured again. Atomic force microscopy (AFM) images of inner surfaces of the hollow fi bers were obtained with an ICON Dimension scanning probe microscope (Bruker). The AFM was operated under tapping mode with Mikromasch NSC14 silicon cantilevers (8 nm tip radius, 5 N m −1 force constant, and 160 kHz typical resonance frequency).
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
